Background-Development of pre-transplantation islet culture strategies that preserve or enhance β-cell viability would eliminate the requirement for the large numbers of islets needed to restore insulin independence in type 1 diabetes patients. We investigated whether glial cell linederived neurotrophic factor (GDNF) could improve human islet survival and post-transplantation function in diabetic mice.
Type 1 diabetes (also known as juvenile diabetes) results from the autoimmune destruction of insulin-producing pancreatic β cells, and survival of individuals with the disease depends mainly on daily insulin injections or the use of insulin pumps. Transplantation of donor islets has recently proven effective at restoring insulin production and blood glucose control in type 1 diabetes mellitus patients (1) (2) (3) (4) . Its widespread application is, however, limited by availability of donor islets, the requirement for long-term use of immunosuppressive drugs to prevent graft rejection, and lower rates of long-term insulin independence (5) . Moreover, the reduced islet viability and loss of insulin content that occurs during islet isolation and pre-transplantation culture necessitates the use of large numbers of islets, usually from multiple donors, to achieve insulin independence (6) . Identification of factors that can enhance islet survival in vitro and improve islet function post-transplantation will thus help in extending the period of insulin independence in type 1 diabetes patients and reduce the number of donors required for successful islet transplantation.
Glial cell line-derived neurotrophic factor (GDNF) is a factor produced by glial cells that plays an important role in the development of the enteric nervous system. GDNF has previously been shown to promote the survival of β-cells in vitro, and to enhance β-cell mass and improve glucose control in mice when transgenically over-expressed under the control of the glial fibrillary acidic protein promoter (2, 7) . In this study we investigated the ability of GDNF to improve human islet post-transplant survival and function. Using in vitro and in vivo methods we assessed the effects of culturing human islets in the presence of GDNF on β-cell survival, in vitro insulin secretion, and post transplantation glycemic control. We performed these studies to assess the potential for use of GDNF to enhance human islet viability before transplant in type 1 diabetes patients.
RESULTS

GFRα-1 and Ret receptors are expressed in human islets
GDNF signals through binding to a multi-unit receptor complex consisting of a GDNFspecific receptor, namely, GDNF family receptor α-1 (GFRα-1) and the ret co-receptor which it shares with other neurotrophic factors. To investigate the expression of these receptors in human islets, islets were lysed with Laemmli buffer and the presence of the receptors assessed by Western blotting. Fig. 1A shows that both GFRα-1 and ret receptors are expressed in human islets.
GDNF enhances human islet survival in vitro
To investigate the effects of GDNF on human islet survival in vitro, islets were cultured for 2-9 days in CIT culture medium alone (vehicle) or CIT culture medium supplemented with GDNF (100 ng/ml) and cell survival assessed by TUNEL staining with insulin and DAPI counterstaining. Fig. 1B contains representative images showing TUNEL-and insulinpositive cells in human islets cultured for 2 days in vehicle or in medium supplemented with GDNF. Scoring of TUNEL-positive cells revealed significantly (P<0.01) lower numbers of apoptotic cells in islets cultured for 2 and 9 days in medium containing GDNF (respectively, 0.97 ± 0.098 %, N=5 and 4.03 ± 1.03 %, N=8) than in islets cultured for the same duration in vehicle (respectively, 1.99 ± 0.25 % and 11.76 ± 2.97 %, N=6) (Fig. 1C) . In line with these observations, there were significantly more insulin-positive cells in islets cultured in medium containing GDNF than in islets cultured in vehicle (GDNF, 36.41 ± 4.4%, N=13 replicates, vs. vehicle, 17.41 ± 2.7%, N= 11 replicates; P<0.01) (Fig. 1D) .
GDNF promotes human islet survival in vitro by enhancing Akt phosphorylation
To understand the mechanisms involved in GDNF-mediated improvement in human islet survival, islets were cultured in vehicle or medium supplemented with GDNF and Akt phosphorylation assessed by Western blotting. Islets cultured in medium supplemented with GDNF had significantly (P≤0.001) higher phospho-Akt levels than islets cultured in vehicle after 6 and 10 days of culture (Fig. 1E ).
GDNF preserves in vitro islet function
Glucose stimulation indices of islets cultured for 10 days in vehicle and medium containing GDNF were compared with those of post-isolation islets cultured for 24 h in CIT medium to investigate the ability of GDNF to preserve islet function. No significant difference in glucose stimulation was observed between islets cultured for 10 days in medium supplemented with GDNF and post-isolation islets cultured for 24 h in CIT medium (GDNF, 3.80 ± 0.44 vs. post-isolation, 4.11 ± 0.17; P>0.05, N=6) ( Fig. 2A) . In contrast, islets cultured for 10 days in vehicle had significantly lower glucose stimulation indices than postisolation islets cultured in CIT medium for 24 h (1.92 = 0.1, P<0.001; N=6). Comparison of insulin content between islets cultured in vehicle and medium containing GDNF after 2 and 9 days of culture revealed significantly (P<0.05) higher insulin content in islets cultured in medium containing GDNF, but no significant changes in insulin content over time for each condition (Fig. 2B ).
Islets cultured in GDNF restore normoglycemia longer in diabetic mice
Diabetic nude mice were transplanted with human islets that had been pre-cultured for 14 days in CIT culture medium supplemented with or without GDNF to assess the effect of GDNF on the in vivo function of transplanted islets. This number of islets is recommended for in vivo islets function assessment using nude mice for CIT studies. Fig. 3A shows weekly changes in non-fasting blood glucose of control and transplant mice from the 3 studies. Blood glucose levels of the three treatment groups were statistically not significantly different from each other prior to islet transplantation (P> 0.05). Following transplantation, however, blood glucose levels of vehicle and GDNF transplant group mice fell 53% within a period of 4 weeks and continued falling until week 9 in GDNF group mice while rising gradually in vehicle group mice. In contrast, blood glucose levels of control mice rose throughout the duration of the study. Two-Way Anova with Bonferroni post tests comparisons of blood glucose levels between GDNF and control mice showed significant (P≤0.05) differences from week 4 forwards (Fig. 3A) . Comparison of blood glucose levels between vehicle and control mice on the other hand showed significant differences (P≤0.05) only during weeks 4 and 6 post-transplantation. Linear regression fitting of the blood glucose data revealed significant (P<0.001) improvement in blood glucose levels for GDNF group mice following transplant, but no significant improvement for mice transplanted with islets cultured in vehicle (Fig. 3B) . Analysis of daily blood glucose distribution showed nonfasting blood glucose higher than 200 mg/dL in only 3 out of 7 mice transplanted with islets cultured in medium containing GDNF (Fig. 3C) . In contrast, all 5 control mice and 5 out of 7 mice transplanted with islets cultured in vehicle had non-fasting blood glucose higher than 200 mg/dL. Log linear mixed effects regression model tests further confirmed that blood glucose levels of mice transplanted with islets cultured in GDNF improved more compared to blood glucose levels of mice transplanted with islets cultured in vehicle only (Fig. 3D ).
Diabetic mice transplanted with islets cultured in GDNF show better glucose tolerance and arginine-induced insulin release
Results of intravenous glucose tolerance testing performed 65 days post-transplantation on control, vehicle and GDNF transplant mice are shown in Fig. 3E . Baseline fasting blood glucose levels were not significantly different between the three groups. However, following an intravenous injection of 3 mg/kg glucose, blood glucose levels of GDNF transplant mice were significantly lower than blood glucose levels of control mice 30 min (P<0.01), 60 min (P<0.001) and 120 min (P<0.01) post injection while blood glucose levels of vehicle transplant mice were significantly lower than blood glucose levels of control mice only at 60 min (P<0.05) post injection (N=3 mice).
Comparison of the acute insulin release response to arginine administration performed 63 days post-transplantation showed a faster and stronger response in mice transplanted with islets cultured in medium containing GDNF than in mice transplanted with islets cultured in vehicle (P<0.01, N=3 mice in each group) (Fig. 3F) .
Human islets cultured in GDNF show better post-transplantation survival
Sections from left kidneys collected 65 days post-transplantation from transplant group mice were stained for insulin to assess islets graft formation and post-transplantation survival. Islet grafts of nearly equal size were observed in both vehicle and GDNF transplant mice (Fig. 4A) . Densitometric analysis of insulin staining intensity revealed 3.3 ± 0.79 fold (P<0.001) more intense insulin staining in grafts from GDNF transplant mice than in grafts from vehicle transplant mice (Fig. 4B) .
DISCUSSION
Results from our study demonstrate that human islets pre-cultured in GDNF are superior at restoring normal blood sugar levels in diabetic mice than islets pre-cultured in CIT medium alone. In our study, GDNF not only improved islet survival pre-transplantation, but also prolonged graft survival and the ability to restore normoglycemia after transplantation.
The brief in vitro islet culture period incorporated before transplantation in human islet transplantation protocols is a time during which islet quality is assessed and immunotherapy is initiated in diabetic patients (3, 8) . Previous studies have compared the efficacies of several serum-free media commonly used to culture human islets before transplantation (9) . More recently, studies have shown that supplementation of these culture media with factors such as nerve growth factor (NGF) or factors present in conditioned media from human mesenchymal stem cells can enhance the engraftment as well as survival and function of islets after transplantation (10, 11) . In the study by Miao et al. (10) , co-culture of murine islets with NGF for 96 h not only improved islet viability in vitro, but also restored normoglycemia longer in diabetic mice after transplantation showing that neurotrophic factors can play a beneficial role in islet transplantation. In another study conducted to investigate the potential for using pituitary adenylate cyclase-activating polypeptide (PACAP), an enhancer of glucose-induced insulin secretion, in human islet transplantation, PACAP enhanced β cell viability in culture and insulin secretion in vivo, but failed to improve blood glucose control (12) . In our study GDNF improved human islet in vitro survival and function not only following short term culture, but also following prolonged culture. Moreover, while the insulin secretory capacity and the ability to restore normoglycemia in diabetic mice declined significantly following prolonged culture of human islets in vehicle, islets co-cultured with GDNF retained their insulin secretory capacity and their ability to restore normoglycemia in diabetic mice fairly well.
The mechanisms involved in GDNF influence on human islet post-transplantation survival and function were not explored fully in this study. Previously we have shown that in transgenic mice that over-express GDNF in glia GDNF enhances β cell mass and protects against streptozotocin-induced β cell damage (13) . We have also shown that GDNF signaling through the PI3K/Akt signaling pathway promotes β cell survival (13) . In line with these observations, in the present study GDNF enhanced Akt phosphorylation in cultured human islets and protected against β cell death both pre-and post-transplantation. In other studies GDNF has also been shown to provide a cue for migrating neural crest cells during embryonic development of the enteric nervous system (14-16). Acting through a similar mechanism, in our study GDNF could have enhanced islet engraftment into kidney tissue resulting in the increased insulin staining observed in the grafts in mice transplanted with islets pre-cultured in GDNF.
In conclusion, inclusion of GDNF in media used to pre-culture human islets before transplantation as used in this study may provide a tool for improving islet survival and function in patients with type 1 diabetes. Further studies involving primates and longer monitoring will be required to further evaluate the benefit of this therapy.
MATERIALS AND METHODS
Islet culture
Pancreata were obtained from brain-dead multi-organ donors ranging in age from 35 to 52 years and islets isolated as previously described (17) . Details of the donors and isolations are shown in Table 1 . Consent was obtained from the next of kin and the Emory University Institutional Review Board to use the pancreata for research. Two islet aliquots from each donor were cultured at 37°C in Clinical Islet Transplantation (CIT) Consortium (http:// www.citisletstudy.org) culture medium consisting of CMRL 1066 medium (Mediatech Cellgro, Herindon, VA, U.S.A) supplemented with 25% human serum albumin, 1000 U/ml heparin, and 1 mg/ml insulin-like growth factor-1 (IGF-1). Recombinant rat GDNF produced as previously described (13) was added to one of the aliquot to a final concentration of 100 ng/ml at the start of culture and at each subsequent media change. The media were replaced every 3 days. Islet viability was assessed according to the CIT protocol for the estimation of islet viability using fluorescent dyes (SOP 3104, A02).
In vitro glucose stimulation test
Glucose stimulation tests were performed according to the NIH Consortium Method for Glucose Stimulation of Human Islet Cells (SOP 3104, A03) and insulin assayed using a human insulin ELISA kit (Mercodia AB, Uppsala, Sweden). The "stimulation index" was obtained by comparing the amount insulin produced in high (28.0 mM) glucose medium to that produced in low (2.8 mM) glucose medium.
Assessment of insulin content
Aliquot containing 1000-1300 cultured islets were homogenized using acid-alcohol (1.5% HCL in 70% ethanol) as previously described (13) and insulin content assessed using a human insulin ELISA kit (Millipore). DNA content in the homogenates was estimated by fluorometry using bisBenzimide H 33258 (Hoechst 33258, Sigma) and used to normalize insulin values.
Islet Transplantation
Six weeks-old athymic nude-foxn1<nu> nude mice (Harlan Laboratories, Indianapolis, IN, U.S.A) were used as islet recipients following guidelines established by the Emory University Institutional Animal Use and Care Committee. Diabetes was induced by two intraperitoneal injections of 75 mg streptozotocin (Sigma)/kg body weight given on two consecutive days. Glycemia was assessed by drawing a small drop of blood from the tail vein and measuring blood glucose levels using an ACCU-CHEK Aviva automatic glucometer (Roche Diagnostics, Indianapolis, IN, U.S.A.). Mice consistently showing nonfasting blood glucose readings above 300 mg/dL were considered diabetic. The mice were then assigned to either of 3 treatment groups (Table 1) . GDNF transplant group mice (N=10) and vehicle transplant group mice (N=10) were each transplanted under the left kidney capsule under anesthesia with 2000 IEQ of human islets pre-cultured for 14 days in CIT culture medium supplemented with 100 ng/ml GDNF (GDNF) or in CIT culture medium alone (vehicle) according to recommended procedure (CIT protocol for in vivo islets function assessment using nude mice, SOP 3104, A04). Control diabetic mice (N=5) did not receive any islet transplantation. Random non-fasting blood glucose levels were subsequently monitored at least once a week.
Glucose tolerance testing and assessment of insulin secretion
Glucose tolerance testing was performed 60 days post transplantation. Following an overnight fast, the mice were injected intraperitoneally with glucose (3 mg/kg body weight) in sterile PBS and blood glucose levels measured 30, 60 and 120 min after injection. For in vivo insulin secretion assessment, 6-h fasted mice were injected with 300 mg arginine /kg body weight in sterile PBS and tail vein blood collected 0, 2.5, 5, 10 and 15 min postinjection into heparinized tubes. Plasma was collected by centrifugation at 3000 × g for 15 min at 4°C and stored at −20°C until used. Insulin levels were measured using a human insulin ELISA kit (Millipore).
Western blotting
Western blotting was performed as previously described (7) 
Immunofluorescence
The left kidney was removed from each transplant mouse and frozen in Tissue-Tek O. C. T. compound (Sakura Finetek, Torrance, CA, U.S.A.) using standard techniques. Insulin and DAPI nuclear staining were performed as previously described (18) .
Apoptosis Scoring
TUNEL staining of cytospin preparations of cultured human islets was performed (7) followed by insulin and DAPI nuclear counter-staining (18) . Scoring of TUNEL-positive cells was achieved by taking images from randomly selected fields from each slide. The number of TUNEL-positive β cells was determined and expressed as a percentage of the total number of β cells in each field. At least 2000 β cells per condition were scored.
Statistical Analysis
Two-way ANOVA with Bonferroni post test, t test and linear regression were performed using GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego California USA). Log linear mixed regression model analysis was done using R-version 2.9.2. 
